stability of the velocities and the position error and are robust to the value of the delay , their stability conditions are -dependent due to the variable gain 1 . The limitation 1 is highly restrictive in practice as may take on values greater than one. In fact, in most practical applications of teleoperation systems, the communication delays comprise of processing delays, transmission delays, propagation delays, and queuing delays [4] . Since the processing and queuing delays have a stochastic nature, their rates of change can exceed unity. Thus, it is desirable to have a control scheme that lets T have any bounded value (positive or negative).
In addition to requiring the unity upper limit on the value of in the previously-mentioned control schemes, some of them also require the value of , which is not always known in practice [2], [3] . However, it is preferred to have a control scheme that rids of the value of at all.
Besides imposing either or both of the above-mentioned restrictions in terms of the upper bound on and knowledge of the value of , some of past control schemes only ensure position tracking between the local and the remote robots. However, in addition to position tracking, the tracking error between the human/local robot interaction and the environment/remote robot interactions needs to converge to zero for the nonlinear teleoperation system to be transparent. There are control schemes in the literature that lift the limitations on the maximum value of but only address the position tracking problem [5] , [6] . On the other hand, several past papers have ensured both position and force tracking, but still have some of the above-mentioned limitations. For instance, in [7] , [8] and [9] , controllers are proposed for force and position tracking in a nonlinear teleoperation system, but the only work for slowly-varying delays satisfying 1. Other control methods that ensure both position and force tracking are either for non-delayed nonlinear teleoperation or for delayed linear teleoperation.
A brief overview of delay compensation methods for linear systems is provided next.
Adaptive control for position and force tracking in telerobotic systems without any delay in the communication channel has been addressed in [10] . In [11] , a delaydependent controller is proposed for force and position tracking in constant-delay teleoperation. An adaptive controller for position and force tracking in linear telerobotic systems is studied in [12] . In [13] , position and force tracking is ensured for linear delayed teleoperation systems.
From a practical point of view, it is desirable that the teleoperation controller compensates for time-varying asymmetric delays, without delay inquiry, works for any value of delay, without the delay's rate of variation ( ) inquiry, works for any rate of variation of delay, is able to ensure the asymptotic tracking of both positions and forces, and is applicable to nonlinear multi-DOF local and remote robots.
In this paper, a new controller is proposed to guarantee /∞0, respectively. For simplicity, we refer to ! ! as ! ! and to ! ! as ! ! . We also simplify the notation 123 % 0 to 0.
II. PROBLEM STATEMENT
Consider the local (master) and remote (slave) robots with the following nonlinear dynamics: Important properties of the above nonlinear dynamic model, which will be used in this paper, are [14] , [15] :
• For a manipulator with revolute joints, the inertia matrix 4 > 6 > is symmetric positive-definite and has the following upper and lower bounds:
where C ? is the identity matrix.
• For a manipulator, the relation between the Coriolis/centrifugal and the inertia matrices is as follows:
This is equivalent to 4 > 6 > 28 > 6 > , 6 > being skew-symmetric.
• For a manipulator with revolute joints, there exists a positive η bounding the Coriolis/centrifugal term as follows: 
Here, Q is a vector with small positive elements (i.e. In the following, we present two theorems that study the teleoperation system stability and the asymptotic convergence of force and position tracking errors.
Theorem I:
In the bilateral tele-manipulator (1) with controller (2), the velocities 6 5 and 6 < and position error 6 5 6 < are bounded for any bounded @ , .
Proof: Let us define a Lyapunov function V t as
where
Using property II in Section II, the time derivative of V @ t can be written as 
which using 
After algebraic manipulations, the time derivatives of V _ t is found to satisfy
Using the inequalities 
On the other hand, the time derivatives of ^` is
Therefore, ^ can be shown to have an upper bound: 
Substituting the control laws A 5 and A < from (2) in (10), we get
The above shows that all elements in ^ are bounded.
Therefore, 6 5 , 6 < , and 6 5 6 < and poof is competed. 
A) Asymptotic zero convergence of position error
Integrating both sides of (11), we get Using properties I, III and IV and the boundedness of 6 < 6 5 ' @ *, 6 < , 67 < and @ , it can be seen that 6 p < is bounded. Given that 6 < 0 and 6 p < , using
Barbalat's lemma (Form 2 in Appendix) we have that
Considering the dynamic equation of the slave robot in (1), having shown that 67 < 0 and 6 < 0, we find that A < A = / 9 < '6 < *. Comparing this against the controller (2), we get that
Using the following equations 
A) Simulation on a teleoperated pair of 2-DOF planar robots
To verify the theoretical results in this paper, the master and slave manipulators are considered to be 2-DOF planar robots with revolute joints as shown in Figure 1 . The master and slave manipulator dynamics (1) Unlike experiments, in a simulation study it is necessary to consider human and environment models. Consistent with [16] , [17] , we assumed that they are modeled as second order LTI systems In this simulation, it is assumed that the master and the slave are in initial positions 6 @5 6 5Š ‹/3 0Š and 6 @< 6 <Š ‹/4 0Š, respectively. The human's exogenous force ; " in the X direction shown in Figure 2 is applied to the master robot. At the same time, as shown in Figure 1 , the slave robot is in contact with an environment. The tracking performances between joint positions of master and slave robots are shown in Figures 3 and 4 . In Figure 3 , the first joint 6 @ of the master and the slave start from ‹/3 and ‹/4 rad, respectively and reach 0.3 rad. In Figure 4 , the second joint 6 of the master and the slave start from the same initial position 0 rad and reach 1.08
rad. In the experiments, the human operator moves the master robot while the slave robot is first in free-motion and then in contact-motion. As shown in Figure 9 , there is an obstacle near the slave that, upon contact, applies a force to the robot. Depending on the stiffness of the environment and the master position (which is the desired penetration into the environment), the environment forces can change. As a future research, exponential stability of the nonlinear teleoperation system subjected to time varying delay could be considered to study the speed of the tacking performances of the system. Also the data loss could be considered in the communication network to study a more realistic analysis of the teleoperation system.
